Migratory bird species that feed on air-borne insects are experiencing widespread regional declines, but these remain poorly understood. Agricultural intensification in the breeding range is often regarded as one of the main drivers of these declines. Here, we tested the hypothesis that body mass in breeding individuals should reflect habitat quality in an aerial insectivore, the tree swallow (Tachycineta bicolor), along a gradient of agricultural intensity. Our dataset was collected over 7 years (2005)(2006)(2007)(2008)(2009)(2010)(2011) and included 2918 swallow captures and 1483 broods. Analyses revealed a substantial decline of the population over the course of the study (219% occupancy rate), mirrored by decreasing body mass. This trend was especially severe in females, representing a total loss of 8% of their mass. Reproductive success was negatively influenced by intensive agriculture, but did not decrease over time. Interestingly, variation in body mass was independent of breeding habitat quality, leading us to suggest that this decline in body mass may result from carry-over effects from non-breeding areas and affect population dynamics through reduced survival. This work contributes to the growing body of evidence suggesting that declines in migratory aerial insectivores are driven by multiple, complex factors requiring better knowledge of year-round habitat use.
Introduction
In recent decades, global anthropogenic environmental changes, such as climate change and large-scale habitat destruction, have contributed to the decline or extinction of a wide range of animal species. For instance, migratory songbirds, especially those breeding in farmland habitats, are declining on a global scale [1, 2] . Similarly, aerial insectivores, which comprise several farmland species, are often regarded as the most steeply declining bird guild in industrialized countries [3] , particularly in northeastern North America [4] . While the reasons for this decline remain largely speculative, insectivory is a life-history trait shared by all species in this otherwise ecologically diverse guild, suggesting their decline is related to a parallel widespread decline in insect abundances [4, 5] . Numerous studies have shown that agricultural intensification, most likely through habitat homogenization and pesticide use, negatively impacts insect diversity and abundance in agricultural landscapes [6, 7] , constraining farmland aerial insectivores to breed in depauperate habitats.
The quality of the breeding habitat is an important fitness determinant of birds, as it typically affects survival and reproductive success through resource availability and environmental conditions [8, 9] . Poor habitat quality may hamper individual performance in a given season and also impact survivorship or subsequent reproduction through carry-over effects ( [10] ; see [11] for a review). Evaluation of habitat quality can be achieved through the quantification of food resources and the evaluation of available cover, nesting sites and predation risks [9] . An alternative approach is to investigate correlates of habitat quality directly in bird populations. Deterioration in habitat is often reflected in several demographic and individual parameters, including body & 2014 The Author(s) Published by the Royal Society. All rights reserved. mass and body condition [12, 13] . Adult body mass and condition are important traits in evolutionary and ecological theory, as they are associated with fitness in many taxa through their effect on survival and reproductive success [14, 15] . While most empirical data come from species typically described as capital breeders, such as waterfowl, even passerine birds, usually considered as income breeders, are known to benefit from larger mass (generally associated with greater fat reserves) and better nutritional condition prior to breeding [16, 17] . Body mass in bird populations may fluctuate in response to breeding habitat quality and directly impact survival and reproductive success. Understanding the relationship among habitat, body mass and individual performance in declining populations may help elucidate the forces driving such population dynamics.
Here, we assess the change in adult body mass during reproduction over 7 years (2005) (2006) (2007) (2008) (2009) (2010) (2011) ) in a declining population of tree swallows (Tachycineta bicolor), an aerial insectivore breeding along a gradient of agricultural intensity (AI) in southern Québec, Canada. Tree swallow populations in northeastern North America are experiencing a welldocumented decline, similar to that noted in several aerial insectivores, but in sharp contrast with their stable or even increasing numbers in the western part of the continent [4, 18] . Data from the Breeding Bird Survey (BBS) [19] for the province of Québec illustrate this regional decline (figure 1a). Our first objective was to assess whether there was an overall decline in both body mass and breeding success over time in this population, which would parallel the regional decline observed in tree swallow abundance. A temporal change in a trait can occur at two, non-mutually exclusive levels: the trait can change due to a plastic response to habitat quality and environmental conditions (i.e. phenotypic plasticity or 'within-individual change') or, alternatively, recruited individuals can be different on average from those from the previous years due to immigration or a microevolutionary response ('between-individual change'). To evaluate the causes and consequences of change in a trait, one thus needs to test whether patterns of 'within-individual change' are similar to those of 'between-individual change' [20, 21] . In this work, we tested whether the changes in mass observed at the population level result from changes within individuals or changes in the individuals that make up the population. Our second objective was to assess the effect of AI on spatial variation in body mass in T. bicolor and identify the main determinants of body mass during the breeding season. While the adverse effects of agricultural intensification on bird and insect communities have been documented in terms of richness and abundance [7, 22] , impacts on body mass or condition in aerial insectivores have not, to our knowledge, been assessed.
Previous analyses of the breeding success of this population have revealed that the mean number of nestlings per brood surviving to fledging was lower in intensively managed habitats. This effect was hypothesized to be related to the negative impacts of intensive agriculture on air-borne insects, the main food resource for breeding tree swallows [23] . AI was the only consistently significant predictor of breeding success among several habitat characteristics included in that study [23] . Subsequent spatio-temporal analyses of Diptera abundance (i.e. the main prey of tree swallows) in these landscapes further reinforced that AI globally had a negative impact on prey abundance, although this effect also had a strong temporal component and varied during the breeding season [24] . Building on these previous findings, we used AI as an indicator of breeding habitat quality. Considering that females with greater body mass usually perform better during incubation and nesting stages in birds [15, 17] , we hypothesized that female body mass during reproduction would be lower in agro-intensive habitats and that it would negatively affect reproductive success.
Material and methods (a) Study system and sampling
From 2005 to 2011, we monitored breeding activities of tree swallows in a network of 400 nest-boxes distributed among 40 farms (10 per farm) over an area of approximately 10 200 km 2 . These farms are located along a gradient of agricultural intensification, with a transition from intensive cultures (mostly maize, cereals and soya beans) in the western part to more extensive ones in the east (pastures, hayfields and fallows). More details on this system and landscape characterization around nest-boxes (proportion of intensive cultures around nest-boxes) are available in [23] .
Nest-boxes were visited every 2 days throughout the breeding season (April to August). A nest-box was considered occupied when at least one egg was laid. Several breeding parameters for each box were noted: laying date (of the first egg), clutch size, number of eggs hatched (hatchlings) and number of chicks fledged (fledglings). Female tree swallows were captured at least once during incubation (around 12 days after laying date, which is 2-6 days before the end of incubation). Males were captured during the nesting period. All captured individuals were ringed and weighed (+0.01 g), and wing chord (+0.1 mm; a measure of non-flattened wing length, hereafter referred to simply as wing length) and tarsus length (+0.01 mm; starting in 2007) were measured. Females were aged according to plumage coloration (second year (SY) or after second year (ASY) [25] ). Females were recaptured opportunistically during incubation and nesting phases and were weighed every time. No attempt was made to capture males or recapture females in 2004, thus we restricted our analyses to 2005-2011. Tree swallows typically lay a single clutch per breeding season, but may produce, albeit rarely at this latitude, a second clutch, especially if the first nesting attempt fails early in the season [25] . We did not include second clutches in our analyses. The dataset gathered for this work included 2918 individual mass measurements and 1483 broods.
(b) Statistical analyses (i) Predictors of body mass
Body mass is intrinsically linked to body condition, a term generally employed to refer to energy reserves of an individual [26, 27] . Although the use of body condition indices (e.g. ratio of mass on size or regression residuals) is pervasive in the ecological literature, recent studies suggested that body mass alone often outperforms condition indices as a measure of fat content in bird species [28, 29] . Here, we included a size covariate (wing length) in all analyses involving mass, thus effectively correcting mass for size ('mass adjusted for size', e.g. [12] ). Henceforth, body mass is employed as a proxy for condition.
We modelled body mass separately for each sex with linear mixed models (LMMs) computed with the R library lme4 [30] . Sexes were analysed separately because preliminary analyses showed highly significant differences between males and females (females being heavier by 0.89 g on average in raw data, t ¼ 14.8, p , 0.001) and because the costs of reproduction at different stages of breeding in birds are also different between sexes [31] , which may lead to sex-specific mass fluctuations during the breeding season. A 'base' model was first constructed to control for variations in the moment when individuals were weighed. This model included as fixed effects: Julian date, number of days since laying date, time of the day when sampling was performed (coded as a proportion, where noon ¼ 0.5), wing length (in mm; tarsus length was not used since it was not measured in [2005] [2006] , age as a two-level factor for females only (SY/ASY), clutch size and the interaction between days since laying date and clutch size. Four additional models were then constructed to reflect ecological hypotheses on the effect of AI and year on body mass. They included the proportion of intensive cultures within 5 km of nest-boxes (this scale was chosen because it showed the largest effect sizes in previous models of breeding success [23] ), the interaction between laying date and intensive cultures, the year of sampling and the interaction between year and intensive cultures (see the electronic supplementary material, tables S1-S2, for description of models). The first interaction was included to test whether intensive agriculture affects body mass during the breeding season, and the second to assess whether its impacts varied during the course of the study. In all models, farm identity was included as a random factor, as well as individual identity because swallows were recaptured within and among years. All variables (except year) were centred on their mean before analysis. Competing models (including a null model) were compared on the basis of DAICc following [32] . Weighted support of models and model averaging were calculated with the R package AICcmodavg [33] .
(ii) Within-and between-individual mass variation in females
We applied the mixed-model framework described in [20] to distinguish within-and between-individual effects based on within-subject centring of the predictor of interest. Briefly, in a typical mixed model computed from a dataset that includes i observations made on j individuals, like the models computed above (i), the slope b of a fixed term predictor x ij reflects the combined within-and between-individual effects. However, one can isolate the two effects if x ij is replaced by two terms: one is the centred value of i with respect to the mean of individual j (x ij 2 x j ), while the other is simply the individual mean x j (see eqn (2) in [20] ). These two terms allow for the estimation of the slopes of the within-(b W ) and between-individual (b B ) effects, respectively. Restricting the analysis to individuals recaptured during at least two different years (n ¼ 1027 measurements, from 286 individuals), we fitted a LMM with the same covariates as above, but using within-subject centring for the predictor year. We then re-parametrized the model following ( [20] , eqn 3) to test the null hypothesis that b W and b B were equal. This analysis was not performed in males due to the smaller number of recaptures (only 63 individuals recaptured in more than 2 years).
(iii) Effect of female body mass and year on breeding success
To evaluate whether female body mass is a significant predictor of breeding success, the numbers of fledglings from each brood were modelled with mixed models. Body mass (the measurement closest to day 12 after laying date was used for each female), wing length, age, laying date, proportion of intensive cultures within 5 km of nest-box and year, treated as a linear term to parallel analyses in (i), were included as fixed effects, with farm and female identity as random factors. While the number of fledglings per brood was normally distributed for broods that fledged one chick or more, there was a substantial proportion of zeros when including all broods, mainly due to a high incidence of complete nest failure (24% of nests were predated and/or abandoned). We thus fitted two models to make the distinction between factors explaining complete nest failure (related to predation) and those explaining partial failure (related to parental care and chick growth). The first included all broods and the number of fledglings was recoded as a binary variable (all numbers more than 0 were coded as 1). This model had a binomial error distribution and logit link function. The second model was a LMM (Gaussian distribution) fitted by restricting the analyses to broods that produced at least one fledgling. Models using the number of hatchlings per brood instead of fledglings were very similar and thus, only models for fledglings were retained.
Results
The nest-box occupancy rate in the population decreased steadily from 73.5% in 2005 to 54.3% in 2011 (figure 1b), paralleling, albeit on a much shorter time period, the trend observed in the BBS data ( figure 1a) . Inspection of the raw data showed that mean body mass declined through time, especially in females, while mean wing length showed the opposite trend ( figure 2a,b) . Tarsus length remained stable over time (figure 2c). The mean number of hatchlings and fledglings per brood did not change through time (figure 2d). Also, there was a small but highly significant advance in mean laying date (corresponding to 1.7 days over the course of the study, or approximately 0.3 days yr
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; figure 3a), while the proportion of young females did not vary (figure 3b). Finally, the proportion of intensive cultures around occupied nest-boxes was similar across years (figure 3c), suggesting that swallows did not choose nest-boxes in more extensive landscapes as more rspb.royalsocietypublishing.org Proc. R. Soc. B 281: 20140649 nest-boxes became available over the years. A generalized LMM (binomial error) of occupancy also confirmed this result (see the electronic supplementary material, table S3, for details).
(a) Predictors of body mass
In both males (n ¼ 848) and females (n ¼ 2070), there was a significant decline in body mass over time (table 1) (c) Effect of body mass and year on breeding success
The logistic model describing the probability of brood success (where 0 corresponds to not fledging a single chick and 1 to having at least one fledgling; n ¼ 1483 broods) revealed a highly significant positive effect of female body mass (electronic supplementary material, table S5). Both laying date and age had a marginally significant negative effect on brood success, with earlier clutches and ASY females having greater success. After discarding complete brood failures (n ¼ 1134 broods), laying date was the most important predictor of the number of fledglings, with earlier clutches producing more fledglings. AI around nest-boxes also had a significant negative effect on the number of fledglings (electronic supplementary material, table S5). Female body mass still had a positive effect on fledging success, but it was not significant. There was no significant effect of year on breeding success, either in the binomial failure/success model or the LMM for the number of chicks fledged.
Discussion
We have revealed that nest-box occupancy in a tree swallow population in southern Québec has declined by 19.2% between More importantly, this decline was paralleled by a substantial reduction of body mass in breeding individuals. This decline in mass appears to be mainly a plastic response that is especially important in females, which have lost the equivalent of approximately 8% of their mean body mass during the course of the study. Variation in body mass does not appear to be related to AI, the proxy we used for habitat quality in the breeding area. In combination with the fact that the number of breeding pairs in the area has decreased steadily, while mean reproductive success has remained constant, these results lead us to suggest that this trend may result from non-breeding area carry-over effects.
(a) Predictors of body mass
Our analyses found significant effects of covariates on tree swallow body mass in accordance with current knowledge of determinants of bird body condition. For instance, mass decreased daily after laying throughout incubation [31] , but linearly increased during the day from morning to evening [34] . Older females were also heavier than younger ones [35] , although previous results on this aspect are more equivocal, with several studies finding no effect of age on body mass or condition [36] . Previous work on the population studied here highlighted the negative effects of agriculturally intensive landscapes on tree swallow breeding success [23] , so we also expected to find a negative relationship between AI and body mass during the breeding season. Our results suggest otherwise; AI does not appear to influence adult swallow body mass. Investigation of the abundance of Diptera, the main food resource of tree swallows, in our study area revealed that AI does significantly reduce prey availability [24] . However, there is a strong temporal component to this relationship, whence the difference between habitats increases as the swallow breeding season progresses. In the early stages of laying and nesting, there is virtually no negative impact of AI on Diptera abundance [24] , thus providing a possible explanation for the lack of relationship between AI and body mass revealed here. Yet, extending findings from [23] , we did detect a negative effect of AI on the number of chicks fledged (electronic supplementary material, table S5), suggesting that, if food abundance is not involved, other factors such as food quality and availability [37] or pesticide use [38] may affect the quality of breeding habitats in agricultural landscapes and explain variation in breeding success. Similarly, it is possible that the same variables (e.g. food quality or pesticides) or other unmeasured variables may explain variation in body mass in the studied population. Until conclusive evidence is acquired to explain the trend in body mass, this option cannot be completely discarded. Nevertheless, the indirect indicator that we used for habitat quality (AI), which is a predictor of breeding success and prey abundance in this population [23, 24] , simply has no significant effect on adult tree swallow body mass. Additionally, AI did not modulate the loss in body mass during the breeding season, as the interaction between AI and days since laying was not significant. One possible confounding factor preventing us from detecting an effect of AI on body mass is potential movement of individuals among farms between years. In a separate study on survival and dispersal in this population, the probability of dispersing was estimated at 0.15 in females and 0.02 in males [39] and the majority of breeding dispersal events occurred to the closest or second-closest farm (74%; S. Rioux Paquette and M. Bélisle 2013, unpublished data), so that estimates of AI at the 5 km scale are rather similar between these farms. Thus, it is unlikely that this process explains the lack of relationship between body mass and AI. This finding, coupled with declining nest-box occupancy but constant reproductive success, suggests that the severe decline in body mass observed here may not reflect deterioration of breeding habitats, but of wintering grounds and migration conditions instead. Recent and rapid morphological changes in bird populations are often attributed to rspb.royalsocietypublishing.org Proc. R. Soc. B 281: 20140649
climate change [40] , but the magnitude and even the direction of these changes vary extensively among species and regions ( [41, 42] ; see [43] and references therein for review in homeotherms). For instance, wing length in bird species nesting or migrating through Pennsylvania has decreased between 1961 and 2006 for a majority of species [41] , but has steadily increased for most bird species in California between 1983 and 2009 [42] . While some researchers have proposed that decrease in body size may be an universal response to global warming [44] , meta-analyses suggest that evidence for this hypothesis is equivocal at best [43] , as shown by the diverging results obtained in North American birds. Here, we found that wing length actually increased at a rate corresponding to 0.5% per year in females and 0.2% in males. Goodman et al. [42] postulated that longer wing length might be a response to greater climatic variability or changes in primary productivity, both often described as consequences of global change that vary among biomes. Conversely, a recent study reported that cliff swallows (Petrochelidon pyrrhonota) nesting alongside a highway had reduced their wing length in a period of 30 years in order to favour agility and avoid vehicles [45] , showing that selective pressures can also be local and come from unexpected sources. At this point, it remains unclear why the studied population showed a different trend from that of tree swallow spring migrants captured in Pennsylvania [41] , and the causes of this change remain highly speculative. Nonetheless, the mechanisms proposed by Goodman et al. [42] (e.g. to better resist extreme weather events such as severe storms during migration) constitute an avenue for further research. The only consensus on the effects of climate change on birds is the phenological shift towards earlier breeding [46] . We detected a modest but significant shift in laying date, suggesting that the swallow population is responsive to global climatic patterns, but this change alone (less than 2 days between 2005 and 2011) is unlikely to explain the decline in body mass of swallows on their breeding grounds.
In some species, these shifts may cause a phenological mismatch between bird populations and their arthropod prey [47] , but this mismatch does not necessarily impede population growth [48] . In addition, the mismatch hypothesis has been refuted in tree swallows, because their prey do not exhibit a distinctive peak and generally increase in abundance throughout the main stages of the swallow breeding season [49] , which is also the case in our study area [24] . On the other hand, there is strong evidence that body condition of migratory songbirds does respond, sometimes very quickly, to wintering habitat quality and that it does affect condition after arrival at breeding sites [12, 13, 50] . We propose that carry-over effects from wintering habitats or migration are responsible for the gradual mass loss observed in this population. A reduction in prey availability, likely through intensification of agricultural practices in the breeding area, has often been viewed as the most parsimonious explanation for the global declines of aerial insectivores. Very little is known about habitat use by tree swallows in their wintering grounds in the southern US or Central America, but deteriorating habitat at wintering and stopover sites could also explain decreasing adult body mass on arrival at their breeding sites. Interestingly, a preliminary study using geolocator data from 11 tree swallow individuals from three breeding sites revealed that individuals wintered in three regions: Florida, Mexico (Yucatan peninsula) and the Bahamas [51] . In all of these locations, mean pesticide use is greater than in Canada, but there is also important variation among regions ( [52] ). Such differences in agricultural practices are likely to affect insect abundance to different levels and ultimately help in understanding the variation in demographic trends observed not only among aerial insectivores, but even within species. Geographical variation in the consequences of global change may also play a role. As a growing number of studies suggest that survival and performance in non-breeding seasons may have the greatest importance in the population dynamics of migratory species [11, 53] , we believe that non-breeding habitat quality may represent a key aspect in understanding the current decline of the tree swallow population studied in this work, and possibly aerial insectivores in general.
(b) Within-and between-individual mass variation in females
The decline in female body mass found in our study is similar, albeit much more pronounced, to the trend documented in a Spanish population of barn swallows Hirundo rustica [21] . Despite establishing a significant positive relationship between temperature and body condition (as warmer springs were associated with better body condition upon arrival at the breeding grounds), Balbontin et al. [21] observed a decrease in body condition of breeding female swallows between 1991 and 2007, and concluded that other environmental variables missing from their models likely explained this temporal trend. They also found that female body condition responded plastically to environmental conditions during migration but that there was a betweenindividual response of female condition in wintering habitats owing to selection against individuals in poor condition [21] .
Here, we determined that the temporal decline in female body mass was mainly due to phenotypic plasticity, instead of being caused by a genetic microevolutionary response to changing conditions (see also [54, 55] ). The fourfold difference in mass decline between females and males also mirrors results from [21] and leaves little doubt that this difference is biologically relevant. In species with uniparental incubation, the costs of reproduction are greater in females ( [31] ; T. bicolor is a female uniparental incubator in which males do not feed incubating females [56] ) and indeed, we found that daily mass loss was four times greater in females during incubation (table 1). It is possible that these higher sex-specific costs exacerbate potential carryover effects from non-breeding periods. This is also reflected in differential survival in the studied population, as female tree swallows exhibit lower year-round survival [39] .
(c) Effect of body mass and year on breeding success
Female body mass was a significant positive predictor of the probability of brood success (i.e. producing at least one fledgling), in line with previous studies that have found that female body condition can influence parental defence and the return to the nest after encountering predators [57] . Yet, there was no temporal effect on breeding success and the mean number of fledglings per brood did not decline between 2005 and 2011 (figure 2d). Thus, while heavier females generally have greater brood success within a given year, declining body mass is not affecting breeding success over time. As the nest-box occupancy rate decreased substantially during the study, breeders could have chosen better nesting sites on average at lower population densities to alleviate the effects of poorer body condition, but this does not appear to be the case, as landscape composition around selected nest-boxes remained the same (figure 3c). Breeding tree swallows may be able to compensate for poorer body condition, but this may be at the cost of increased mortality. We suggest that declining body mass through carry-over effects from non-breeding habitats may reduce survival rates of adult individuals and ultimately play a part in the current decline of this population, and perhaps of other aerial insectivore populations. We are not aware of studies that have tried to link demographic trends with body mass or condition in aerial insectivores, but the link between condition and survival rate has been found in other avian taxa (e.g. [58, 59] ). While individual breeding success appears to be stable in the studied population (although the fate of juveniles after fledging remains largely unknown and is difficult to investigate with a natal return rate below 1%), one cannot exclude the possibility that further deterioration of female body condition could eventually have significant impacts on breeding success if the limits of parental compensation are reached.
Conclusion
The decline of aerial insectivores nesting in farmlands has mostly been investigated from a breeding habitat perspective (e.g. [3, 4] ). Because of the diversity and geographical distance between the wintering ranges of species in this ecological guild, it could be argued that factors in these ranges are unlikely to simultaneously affect these species, while forces affecting arthropod populations in their breeding range (e.g. AI and changing agricultural practices) are more likely to explain this guild-wide decline [5] . Nevertheless, in UK-breeding birds, breeding habitat (farmland versus wood) was a very strong predictor of historical declines in the 1970s and 1980s but did not explain more recent demographic trends [60] , whereas current declines of migrant birds breeding in Europe are best explained by characteristics of wintering habitats [61] . While agricultural practices in North America have most likely affected arthropod and bird populations in the past, they may not be the sole, or even the main, driver of current aerial insectivore declines.
We have shown that the dynamics of a declining aerial insectivore population are mirrored by a similar trend in adult body mass, and argued that this may result from nonbreeding area carry-over effects. Present knowledge of tree swallow wintering and stopover habitats is minimal [51] ; this is a recurring admission of failure when it comes to migratory bird declines, as we simply do not know enough about wintering and migration stopover habitats to understand the processes driving these declines [62] . These gaps in knowledge are exacerbated by the complexity of the multifaceted effects of human-driven environmental changes. The use of geolocators has recently proved extremely useful in identifying nonbreeding ranges and migratory connectivity in another declining North American aerial insectivore, the purple martin (Progne subis) [63] . Similar projects are underway in tree swallows, and a single year of geolocator data has so far allowed the identification of an important stopover site in Louisiana [51] . Our work provides further incentives for such logistically challenging endeavours, as understanding population decline in aerial insectivores will involve disentangling complex interactions between multiple environmental factors, especially for migratory species occupying diverse habitats during their lifecycle. grants to M.B., D. G. and F.P., Canada Research Chairs to M.B. and F.P., as well as a grant from the Canadian Wildlife Service (thanks to J.-P. L. Savard) to M.B.
